Introduction
============

Corneal transplantation using donor corneas obtained after storage in an eye bank is the most common of all transplant procedures. In the US, donor corneas are maintained in a medium at 4 °C, while most European eye banks use the organ culture system in which donor corneas are maintained in a medium at 31 °C/32 °C. Clinical results are similar when comparing this method with storage in Optisol-GS (Chiron Intraoptics, Irvine, CA) at 4 °C and reflect the high quality of these systems \[[@r1]\]. They have been used in clinics worldwide for more than 30 years. However, although corneal transplant has an acceptable success rate (30%--90% depending on the disease that causes the need for a transplant), donated corneas are often simply not available in most developing countries. Every year in Europe, 40,000 blind people are put on a corneal transplant waiting list. Therefore, new strategies for improving human donor corneal storage to optimize the available material are crucial.

Both storage systems represent a stressful environment for the donor tissue. During organ culture, cell death and loss depend on the condition of the tissue \[[@r2],[@r3]\] and on factors related to the storage procedure, such as incubation time, type of medium, amount of serum, and temperature \[[@r4]-[@r7]\]. Relatively little information is available regarding the various types of insults and molecular damage initiating the chains of events resulting in apoptosis or in other types of cell death during organ culture storage. However, in cell cultures of human corneal endothelium, sensitivity to oxidative stress has been linked to the type of medium during incubation at 37 °C \[[@r8]\], and during "cold" storage, there is a progressive increase in levels of nitric oxide breakdown products in the medium \[[@r9]\].

In the present study, we sampled organ culture medium after one-week storage of human donor corneas and examined the accumulation of malondialdehyde (MDA), a lipid peroxidation breakdown product and a commonly used marker for oxidative stress. The effects of the medium on antioxidant defense mechanisms, the oxidative damage of lipids, and the proliferation of cultured human corneal epithelial cells were also examined. Due to the known accumulation of debris at the bottom of such storage vials and variations in procedures regarding the positioning of donor corneas in such vials \[[@r10]\], medium from the upper levels and medium from the lower levels of the vials were analyzed separately. The biologic effect of such an "aging" organ culture medium has not, to our knowledge, been evaluated. Such information could add relevant insight to discussions on routines regarding positioning of donor corneas and medium changing during organ culture storage.

Methods
=======

Medium
------

The Norwegian Eye Bank, Oslo University Hospital, Oslo, Norway, stores corneas at 32 °C in organ culture before surgery. The organ culture medium was prepared by the hospital pharmacy and consisted of Minimal Essential Medium (MEM) with Earle's salts and L-glutamate (Gibco, Invitrogen, Paisley, UK), sodium hydrogen carbonate (2.20 μl/ml), HEPES buffer (2.98 μg/ml), 8% heat-inactivated fetal calf serum, amphotericin B (5 μg/ml), gentamicin (50 μg/ml; Sigma Aldrich, St. Louis, MO), and Vancomycin (100 μg/m; Alpharma ApS, Kobenhavn, DK), pH 7.1--7.2. Corneas aimed for transplantation were sutured and placed in the middle of a 50-ml closed sterile storage container with 50 ml organ culture medium. Samples of medium (15 ml) from 42 containers were obtained from the lower and upper halves of vials in which donor corneas had been stored for 7 days and from fresh control medium ([Figure 1](#f1){ref-type="fig"}). All samples were stored at −85 °C before analytical procedures or assays on cultured cells.

![Experimental setup. **A**: Organ culture medium was collected from the upper and lower levels of the storage vials after 7 days and analyzed for MDA. **B**: Subconfluent human corneal epithelial cell cultures were exposed to medium from the different levels and to control medium for 0, 3, and 7 days before analysis.](mv-v18-1604-f1){#f1}

HPLC
----

MDA was measured in the medium by high-pressure liquid chromatography (HPLC) according to a modification of the method of Richard et al. as previously described \[[@r11]\]. Briefly, MDA was measured by HPLC (Waters-LC Module I Plus; Waters Cromatografia SA, Spain) on a Spheryc-5 column (ODS 5 μM, 250×4.6 mm; Brownlee-Columns; Waters Cromatografia SA) at the flow rate of 1 ml/min.

Cell line and treatment
-----------------------

The human corneal epithelial cell line CRL-11515 (\#CRL-11515; American Type Culture Collection, LGC/ATCC, Middelsex, UK) was maintained in D-MEM:F12 (1:1) GlutaMAX (Invitrogen Life Technologies Corporation, Grand Island, NY) supplemented with 10% heat-inactivated fetal bovine serum, 2.5 μg/ml Amphotericin B, 100 units/ml Penicillin, and 100 μg/ml streptomycin (all Sigma-Aldrich) in a humidified incubator at 32 °C with 5% CO~2~. The cells were grown in six-well plates (Nunc; Thermo Fisher Scientific, Boston, MA), and after 3 days, the growth medium was exchanged with either fresh organ culture medium (control) or with organ culture medium obtained from the upper or lower levels of the storage containers. The medium was changed every second day. Cells were harvested for analytical procedures on day 0 and after 3 and 7 days.

Immunohistochemistry
--------------------

For each time point (day 0, 3, and 7), cells were scraped off and centrifuged (300× g, 10 min). The supernatant was removed and the pellet resuspended in 2 drops of plasma (Oslo blood bank, Ullevål, Norway) and 1 drop of thrombin (Sigma-Aldrich) to make a gel. The gels were prepared for immunohistochemical staining by being fixated in 4% fresh formaldehyde and embedded in paraffin. Three-micrometer sections were cut and stained for the proliferation marker Ki-67 (SP6, 1:200; Thermo Fisher Scientific) using Benchmark Classic (Ventana Medical Systems, Inc., Tucson, AZ) and a standard peroxidase technique with diaminobenzidine as chromogen (ultraView Universal DAB detection kit; Ventana, Tucson, AZ). The proliferation index was evaluated by three independent observers.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

For lipid peroxidation measurement in cultured cells, the cells were scraped off and centrifuged (300× g, 10 min) before the supernatant was removed and the cell pellets were stored at −85 °C. The assay was performed using a commercial kit (Lipid Peroxidation Microplate Assay Kit; Oxford Biomedical Research, Rochester Hills, MI) following the manufacturer's instructions. This assay is based on the reaction of two molecules of the chromogenic reagent N-methyl-2-phenylindole with one molecule of malondialdehyde (MDA) at 45 °C to yield a stable chromophore. Levels of MDA were monitored by reading the absorbance at 586 nm, where the absorbance is proportional to the concentration.

The antioxidant capacity was measured with a commercial kit (Antioxidant Assay Kit; Cayman, Ann Arbor, MI) following the manufacturer's instructions. Briefly, the assay is based on the ability of the antioxidants in the sample to inhibit the oxidation of 2,2\'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) to ABTS+ by metmyoglobin. The capacity of the antioxidants in the sample to prevent ABTS oxidation is compared with that of Trolox, a water-soluble tocopherol analog, and is quantified as molar Trolox equivalents. The amount of ABTS+ can then be monitored by reading the absorbance at 405 nm, which is proportional to its concentration.

Statistical analysis
--------------------

Data are expressed as means±SEM. Comparisons between groups were done using one-way ANOVAs and were followed by Bonferroni multiple comparison tests. Statistical differences were set at the p\<0.05 level.

Results
=======

Medium
------

The content of the lipid peroxidation marker MDA was measured in the upper and lower levels of 7-day-old organ culture medium after storage of donor corneas aimed for transplant purposes. The analysis showed that the level of MDA was significantly increased in the lower half of the container when compared to levels detected in the upper half and in control samples ([Figure 2](#f2){ref-type="fig"}).

![Lipid peroxidation products were significantly elevated in organ culture medium collected from the lower level of the vials where the donor corneas had been stored for 7 days when compared to medium from the upper level and from fresh control medium. Statistical analysis by one-way ANOVA showed significant differences between the groups (p=0.000) and was followed by the Bonferroni multiple comparison test (p\<0.05 between the groups linked by square brackets).](mv-v18-1604-f2){#f2}

Cell culture assay
------------------

Lipid peroxidation products were significantly elevated in the cultured epithelial cells after 3 days of exposure to organ culture medium obtained from the lower level of the storage vials when compared to the control and the upper level groups. After 7 days, the cultures maintained in the medium from the lower as well as from the upper levels were significantly increased compared to the control group ([Figure 3A](#f3){ref-type="fig"}).

![Oxidative stress markers. **A**: Lipid peroxidation products were significantly elevated in the epithelial cells after 3 days of exposure to lower level of organ culture medium. After 7 days of exposure, both groups (upper and lower levels) were significantly different from the control. Statistical analysis by one-way ANOVA showed significant differences between the groups (p=0.000) and was followed by the Bonferroni multiple comparison test (p\<0.05 between the groups linked by square brackets). **B**: The total antioxidant capacity was found to be significantly reduced in both upper and lower levels when compared to the control after 3 days of exposure. This tendency continued, and after 7 days of exposure, both upper and lower levels were further reduced with respect to the control. Statistical analysis performed by one-way ANOVA showed significant differences between the groups (p=0.000) and was followed by the Bonferroni multiple comparison test (p\<0.05 between the groups linked by square brackets).](mv-v18-1604-f3){#f3}

Total antioxidant capacity was measured and was found to be significantly reduced in cells maintained in the medium from both upper and lower levels when compared to the control after 3 days of exposure, and a further significant reduction was detected after 7 days ([Figure 3B](#f3){ref-type="fig"}).

The proliferating activity was estimated by K~i~-67 staining of paraffin sections of the different groups, but no significant difference was found. However, the percentage of K~i~-67 staining cells was slightly higher in the control medium (80%) when compared with cultures grown in the upper (70%) and lower (60%) levels of the medium (data not shown).

Discussion
==========

The main purpose of the donor corneal storage systems is to provide an environment that ensures cellular viability and low levels of cellular and molecular damage. In the present study, we wanted to examine levels of lipid peroxidation breakdown products in the medium used for donor corneal organ culture. We found that an oxidative gradient with a significant effect on cellular antioxidant defense and lipid constituents appears in the vials as early as during the first week of incubation.

Oxidative stress is a relative overload of oxidants caused by increased free radical production and/or decreased antioxidant defense systems \[[@r12]\]. MDA is a lipid peroxidation breakdown product resulting from such an overload, and the production of this aldehyde is used as a biomarker for the level of oxidative stress \[[@r13]\]. By crosslinking with amino groups, MDA forms covalent protein adducts referred to as advanced lipoxidation end products. Such oxidative reactions may interfere with basic cellular functions such as the synthesis of proteins and with proliferation. These reactions are further linked to the progression of tissue damage in various ocular metabolic, degenerative, and inflammatory processes \[[@r13]-[@r17]\], and oxidative stress has been implicated in the progression of corneal disorders including keratoconus, bullous keratopathy, and Fuchs' endothelial dystrophy \[[@r18]\].

Less is known about the effect of oxidative stress on human corneal cells during organ culture storage. Oxidative stress in cultured murine corneal cells results in the depletion of anti-oxidative vitamins, rising levels of MDA, and ultimately cell death \[[@r15]\]. The sensitivity to oxidative stress depends on the incubation medium, and it may be increased in the commonly used MEM medium \[[@r8]\]. Furthermore, oxidative stress mediated by H~2~O~2~ reduces proliferation in corneal endothelial cells in a dose-dependent manner \[[@r14]\]. Our findings demonstrate that one-week "exhausted" medium from organ cultures causes an early and significant decay in cellular antioxidant defenses. The early effect on cellular MDA was significant only for cells incubated in the medium from the lower level of the storage vials, and this confirms the presence of an oxidative gradient in the organ culture medium. It might seem like a contradiction that the lipid peroxidation does not increase in the upper level in the medium, whereas the cells exposed to the upper level samples have increased MDA concentrations and decreased antioxidant capacities. However, the same is true for the control cells, and this might be due to a natural and gradual decline of the cells conserved in the corneal storage medium, which has a limited storing time. The effect on proliferation was not significant. We examined epithelial cells known to proliferate more overtly in organ culture \[[@r19],[@r20]\] than the endothelium \[[@r14],[@r21]\], and the effect on endothelial cells remains to be elucidated. However, a significant repair of endothelial defects is known to occur during the first week of organ culture of human corneas \[[@r22]\].

The protocols for positioning of the donor cornea in the storage vial and for intervals between medium changes vary between eye banks \[[@r7],[@r10]\], and our observations support previous recommendations on eye bank routines regarding organ culture of human donor cornea.

As for the positioning of the donor cornea in the vials, there is a known accumulation of debris at the bottom of storage vials, and this is most probably a key factor in the generation of the observed oxidative gradient. Due to this accumulation, positioning of the donor tissue in a hanging suture or in a floating device has been recommended \[[@r10]\]. Data herein show that donor corneas at the bottom or in lower levels of vials are exposed to medium with significantly higher levels of oxidative potential than corneas that are positioned in the upper half by aid of a hanging suture or a floating device.

Regarding medium changes, there is a decrease in glucose concentration in the medium and in the tissue and decay in the oxygen consumption during organ culture. Furthermore, there is an increase in lactate concentration, and the pH shows a gradual decline from 7.36 to 6.64 during a four-week incubation \[[@r23],[@r24]\]. Continuous incubation of corneal epithelial cell cultures without medium changes has been shown to induce cell death \[[@r25]\]. Our findings show that the oxidative potential in the medium is relevant in both upper and lower levels of the vials after one week of incubation. Although the exact role and influence of oxidative stress during the storage of human donor corneal tissue remains uncertain, the findings herein support the recommendation of medium changes every week \[[@r23]\].
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